Abstract: Mycoplasma pneumoniae (MP) is an important pathogen of community-acquired pneumonia in children. As a type of self-limited disease, most MP infections cause mild clinical symptoms, but they can also lead to severe pneumonia or extrapulmonary complications. The resistance rate of MP has increased in recent years. Early and rapid diagnosis of MP infection is important for the treatment and prognosis of the disease. Current methods for diagnosing MP infection include isolation culture, serological diagnosis, and molecular biological diagnosis. This review summarizes the recent research progress in the internal and external laboratory diagnoses of MP infection both at home and abroad and the advantages and disadvantages of various diagnostic methods.
The current methods for diagnosing MP infection are divided into three categories: MP isolation culture and identification, serological diagnostic method, and molecular biological method.
MP isolation, culture, and identification

Isolation, culture, and identification
MP isolation and culture is the gold standard for the diagnosis of MP infection [4] . MP is usually isolated from the throat, nasopharynx, pleural effusion, or body fluid of patients with pneumonia. MP can grow on an animal artificial medium containing cholesterol, can survive for several hours at 37°C, and multiply in a twosplit form with a slow speed and long culture period (10-14 days or longer). Specimens are inoculated into a microbial culture medium of pleurisy and mixed and placed in a 5% CO 2 incubator at 37°C, and negative and positive controls are prepared (MP standard strain M129). MP ferments the amylaceum in the medium to produce acid. A decrease in medium pH and yellowing phenol red indicator indicate MP growth.
Methodological evaluation
MP isolation and culture require a special medium and laboratory condition. The sensitivity of the diagnosis of MP infection is only 60% due to various factors, such as sample source, preservation, transportation mode, MP content in the sample, and technical level of the laboratory technician [5] . This approach has insufficient significance for early clinical diagnosis and is often used for retrospective diagnosis and research.
Serological diagnosis
In China, the serological method detects changes in MP-specific antibody titers in serum and is thus often used to diagnose MP infection. Test methods include specificity tests, including complement fixation test (CFT), gelatin agglutination (PA) test, enzyme-linked immunosorbent assay (ELISA), non-specific test, and cold agglutination test. At present, a standard for the diagnosis of MP infection by serological test remains to be established. In paired serum samples in the acute and recovery phases, MP infection is diagnosed when the MP-specific antibody titer is increased or decreased by four times or more [6] . However, the paired serum test has poor feasibility and lacks early diagnostic value. A significant increase in single serum-specific IgM antibody is the main laboratory basis for the clinical diagnosis of MP infection. In recent years, the PA method has been used to measure IgM antibodies in clinical practice. In general, MP-IgM ≥1:160 has a high diagnostic value.
Serological diagnostic method
CFT is the standard method for detecting MP infection. It mainly detects early IgM responses and is insensitive to IgG. However, this method has poor overall sensitivity and specificity and cannot distinguish the type of antibody [7] . The lipid antigen used in the test exists in human tissues and certain bacteria, but it is rarely used clinically because it is prone to cross-reaction and false-positive results. When CFT is used to detect the titer of serum IgM antibody, the sensitivity is only 58.8% [8] .
The sensitivity and specificity of the PA test are significantly better than those of the CFT. Thus, the PA test is widely used in clinical practice in some countries. The positive rate achieved with the PA test has a high diagnostic value but, similar to CFT, this test cannot distinguish the type of antibody. The higher the PA titer, the greater the likelihood of positive IgM, but the PA titer is not significantly associated with positive or negative IgG. When the PA test takes an antibody titer of 1:80 or 1:160 as the diagnostic standard, then it has a good consistency with the PCR results. A previous study reported that the use of the PA test to detect paired serum can provide a basis for the diagnosis of MP infection [5] .
ELISA is the commonly used method in the current serological test for the diagnosis of MP infection in China. It can detect IgM and IgG separately, and the sensitivity and specificity can reach a high level. Many commercial kits are available, but large-scale standardized clinical trial evaluations are lacking, and only few of these kits have been certified by the US Food and Drug Administration (FDA). Beersma et al. [9] compared the sensitivity and specificity of 12 commercial kits with real-time quantitative PCR as the gold standard and found that the highest sensitivity and specificity were 77% and 92%, respectively, and the worst sensitivity was only 35%. The sensitivity of commercial kits for detecting MP infection is affected by factors such as patient's age, condition of laboratory hardware, laboratory staff's technique, specimen collection time, acute collection period, and paired serum during recovery. Low-quality commodity kits can result in nonuniform diagnostic criteria. Thus, large-scale clinical trials are conducted to reassess their quality, uniform diagnostic criteria are established, and appropriate detection reagents are selected to diagnose and treat MP infection.
The cold agglutination (CA) test is a common method for diagnosing MP infection with about 50% of positive rate of detection. Infections caused by adenovirus, cytomegalovirus, and EB virus can also induce the production of serum-condensed agglutinin. The CA test is a non-specific diagnosis and currently only serves as the reference for MP infection.
Methodological evaluation
Serum-specific antibody IgM generally appears from 7th to 14th days after MP infection, reaching a peak from 3rd to 4th weeks, which can last for several months [8] . The IgM antibody immune response is fast and thus can be used as an indicator for early diagnosis. In the acute phase, the IgM detected in the serum is considered a recent infection. It takes a certain time for the body to be infected from MP to the immune response. The blood sampling time has a great influence on the test results. False-negative results may arise when serum samples are collected too early and when the IgM changes may not be detected. To detect the IgM antibody titer for the diagnosis of MP infection, the positive rate of detection of serum antibody titer in the acute phase is between 14% and 45%, whereas that in the acute phase can be increased to 39%-88%. To detect the IgG antibody titer for the diagnosis of MP infection, the positive rate of detection of serum antibody titer in the acute phase is between 39% and 45%, whereas that in the acute phase can be increased to 73%-82% [10] .
IgM levels among MP-infected children are significantly higher than those among healthy children, peaking in the middle school period, decreasing with age, and may only produce IgG in adulthood [11] . This observation may increase the diagnostic value of IgM antibody level for childhood MP infection, indicating poor sensitivity of adult infections to the diagnosis. Beersma et al. [9] used the FDA-approved ImmunoCard kit for the diagnosis of childhood MP infection, which has a high sensitivity and can be only used to detect IgM antibody level. The IgM antibody level alone can also be used to diagnose MP infection in children. Talkington et al. [10] reported that about 20% of adults infected with MP do not show an increase in IgM antibody titers and that IgM alone is less effective in diagnosing MP infection in adults than in children.
Specific IgG is later than IgM, usually peaking from 4th to 6th weeks, with a slower rate of increase and longer duration in the body (up to 4 years). Owing to the immunological characteristics of IgM antibodies, IgM detection for adults may cause an erroneous diagnosis. At present, China has adopted the simultaneous detection of IgG and IgM antibody levels to confirm the diagnosis of MP infection.
Specific IgA production time is similar to that of IgM and is higher in adults, especially in the elderly people. Increased levels of IgA antibodies may be an important indicator of acute MP infection. IgM is faster than IgM and may serve as a supplemental reference for infections in certain adult MPs that do not produce IgM. When elderly people are infected with MP, the elevated IgA antibody titers may be more conducive to diagnosis [11] . Using IgA antibody titers to carry out the serological tests are often more reliable in patients with acute exacerbation of chronic obstructive pulmonary disease with MP infection [12] .
Given the immunological characteristics of serum antibodies, the serological test for MP infection has certain limitations. Single serodiagnostic MP infection is less sensitive even with a recent and rapid serum diagnostic (enzyme immunoassay) technique.
The sensitivity of the serological test is also considerably lower than that of molecular biological diagnosis [5] . Clinically diagnosed MP infections often require the simultaneous detection of paired serum, which must be collected once every 2 weeks. This approach is applicable for epidemiological investigations but not for an early, rapid diagnosis. On the basis of Taiwanese literature, the collection rate of paired serum clinically is less than 10% [13] . In summary, serological diagnosis should not be used as a method for the rapid diagnosis of early MP infection.
Molecular biological diagnosis
The molecular biological method allows early and rapid diagnosis with a high sensitivity and specificity. Commonly used experimental methods are traditional PCR, nested PCR, real-time quantitative PCR, nucleic acid sequence-based amplification (NASBA), loop-mediated isothermal amplification (LAMP) technology, and RNA simultaneous amplification and testing (SAT). On the basis of the basic principles of these experimental methods, domestic and foreign scholars have developed a composite technology that can simultaneously detect multiple pathogens. The target genes frequently amplified in the experiment include P1 protein coding gene, 16S rRNA, card gene, ATPase gene, etc. The types of clinical specimens available are pharyngeal swab, throat swab, sputum specimen, alveolar lavage fluid, serum, whole blood, and cerebrospinal fluid. Domestic and foreign scholars have employed various methods to diagnose MP infection under different laboratory conditions, experimental purposes, and research directions.
Molecular biological diagnostic method
Nested PCR
Compared with traditional PCR, the nested PCR reaction system contains two primers. Even if the first amplification produces an error fragment, the probability of primer pairing and amplification on the wrong fragment for the second time is extremely low and therefore has a high specificity. In the study by Ursi et al. [14] , the sensitivity of MP infection detected by nested PCR in three laboratories ranged from 87.2% to 97.4% and the specificity ranged from 89.2% to 97.4%. A high sensitivity and specificity can provide a reference for the early, rapid diagnosis of MP.
Real-time quantitative PCR
Real-time quantitative PCR is a new quantitative test technology that involves using a fluorescent dye or a fluorescently labeled specific probe to label and trace the PCR products. The reaction process is monitored in real time, and the products are analyzed based on the corresponding software; finally, the initial concentration of the sample template to be tested is calculated [15] . Compared with traditional PCR, real-time quantitative PCR has a higher sensitivity and can be used for quantitative analysis, which can be used for early diagnosis and provides data for the prognosis and outcome of disease treatment. When the antibody titer change in paired serum IgG is taken as the gold standard, the sensitivity of real-time quantitative PCR is 81.8% and the specificity is 98.6%. When the IgM antibody titer in the acute phase changes, the sensitivity of real-time quantitative PCR is 91.7%. Thus, real-time quantitative PCR can be used as a diagnostic tool for MP infection [16] . Other studies considered specimen collection time to have an impact on real-time quantitative PCR results. As the disease worsens, the sensitivity of PCR detected by real-time quantitative PCR also decreases [17] .
LAMP technology
LAMP is a new technology developed in recent years. It has a high sensitivity and specificity and requires only a simple equipment. The experimental conditions of constant temperature are easy to control and can meet the needs of grassroots and on-site investigation. The LAMP commercial kit has been utilized in Japan, and the pharyngeal swab is an FDA-approved usable specimen. Ratliff et al. [18] used the LAMP method to detect alveolar lavage fluid and sputum and to diagnose MP infection, and obtained satisfactory results. Compared with serological diagnostic methods, enzyme immunoassay has a higher sensitivity and specificity of 38.7% and 76.9%, respectively, when used to detect IgM antibody titer and diagnose MP infection. When the PA method is used to diagnose MP infection, the sensitivity and specificity are 19.4% and 93.1%, respectively. LAMP used to diagnose MP infection shows sensitivity and specificity of 96.8% and 100%, respectively, which are significantly superior to those of the serological diagnostic method [19] [20] . Taking culture as the gold standard, when LAMP is used to detect MP infection, the sensitivity and specificity are 99.0% and 100%, respectively [18] . If a large-scale standardized clinical trial is conducted to evaluate its clinical value and establish a reasonable fee standard, then it is expected to become a new method for MP diagnosis.
NASBA
NASBA is an RNA-enhancing technique and an enzymatic reaction that is isothermally amplified by a pair of primer-mediated, uniform, in vitro-specific nucleotide sequences. The advantage of this method is the amplification of RNA. RNA is less stable than DNA and is more easily disintegrated. Amplified RNA can better reflect the viability of pathogens.
NASBA and real-time quantitative PCR have a good agreement for the diagnosis of MP infection [21] .
SAT technology
SAT is a new technology that detects MP based on RNA template. It can reflect the proliferative status and activity of MP in the human body in real time and provides reference for disease staging.
Compound PCR
The method of simultaneously amplifying several gene fragments with multiple sets of primers in the same reaction is called multiplex PCR. This method [17] can simultaneously detect several mycoplasmas or MP and other pathogens that cause lung diseases. Khanna et al. [17] reported that the multiplex PCR hybridization method can simultaneously detect five typical pathogens of pneumonia, including MP, with a sensitivity and specificity of 100% and 98.5%, respectively. The authors believe that multiplex PCR hybridization can be taken as a method for screening of MP infection. Loens et al. [22] reported that the sensitivity of multiplex PCR detection is less than that of single PCR detection, but the sensitivity of multiplex PCR detection is acceptable, and large-scale clinical trials are required to verify the detection rate of the clinical strain.
Selection of target gene
Zhou et al. [3] used the nested PCR method to compare the significance of P1 encoding gene and 16S rRNA for detecting MP infection. The sensitivity and positive rate of the 16S rRNA gene (54.5%) are higher than those of the P1 protein coding gene (45.5%). Winchell et al. [23] reported that in the epidemic of MP outbreak in Atlanta, USA, the sensitivities of the card gene, mp3 gene, and mp7 gene were tested by real-time quantitative PCR. The results confirmed that the sensitivity of the card gene is higher than that of the two genes.
Selection of specimens
Räty et al. [24] studied the PCR method using 16S rRNA as the target gene and detected mp DNA in sputum, pharyngeal swab, and throat swab specimens and diagnosed MP infection. The positive rates were 69.0%, 50.0%, and 37.5% respectively. In general, sputum specimen is superior to pharyngeal and throat swabs. Waites et al. [4] found that among serologically diagnosed MP-infected young people, although sputum specimens are superior to nasopharyngeal swab and throat swabs, many children and adults did not have sputum after MP infection. Based on clinical practice, nasopharyngeal and throat swabs are superior to sputum in terms of specimen acquisition. Winchell et al. [23] considered that the sensitivity and specificity of nasopharyngeal swab and laryngeal swab are equal. In all aspects, simultaneous detection of nasopharyngeal and throat swabs could improve the diagnostic rate. Xu et al. [25] used the nested PCR method to detect DNA content in throat swab and alveolar lavage fluid to determine the type of specimens suitable for the diagnosis of MP infection. The sensitivity and specificity of throat swab are 78.6% and 63.4%, respectively, whereas those of alveolar lavage fluid are 70.3% and 58.7%, respectively. Considering economic factors, clinical significance, and the degree of injury to the children, we conclude that throat swab is more suitable for the diagnosis of MP infection than alveolar lavage.
Molecular biological diagnostic method
Although the molecular biological method is useful in the acute phase of MP infection, the MP carrying rate in a healthy population ranges from 0.1% to 13.5% [16] , and DNA could exist in the upper respiratory tract for 7 weeks and 7 months [26] . Even if mp DNA can be detected by molecular biology, it cannot be diagnosed as MP infection or MP carrier. Diagnosis should be made in conjunction with clinical symptoms and other diagnostic methods. Saraya et al. [27] used PCR to detect throat swab and alveolar lavage fluid to diagnose the MP infection rate in CAP and obtained positive rates of 48.5% and 40.9%, respectively, which are higher than the reported 10.0%-30.0% in most studies. This phenomenon may be caused by the asymptomatic carrying of healthy people or the persistence of mp DNA after infection.
A diagnosis of MP infection based on PCR result alone may produce false-positive results, causing overdiagnosis. At present, laboratories use their own methods to detect MP infection, but a standard method remains to be developed, which complicates evaluation of the laboratory diagnostic method. Chang et al. [13] used the same method to detect MP infection in three laboratories. Although the three laboratories were comparable in terms of experience and experimental conditions, the results were still inconsistent. This phenomenon may be caused by inconsistent diagnostic criteria. Thus, multicenter experiments must be conducted, and experimental methods must be evaluated to find the optimal diagnostic method and laboratory condition. Furthermore, a standard for the diagnosis of MP infection must be established.
Nested PCR based on respiratory samples is widely used for the rapid diagnosis of MP infection. However, many factors influence the diagnosis of MP infection by PCR in different individuals. These factors include the age of the patient, the interval between symptoms, the time of specimen collection, the method of sample collection, the target gene of PCR, and the skill level of the experimenter. The immune response to MP infection in patients less than 3 years old is immature, and molecular biological diagnosis may be more accurate than serological diagnosis. In addition, different periods of disease result in different immune statuses and amounts of infectious bacteria. Different diagnostic methods also affect the accuracy of diagnosis. In the early stages of disease, culture and nucleic acid amplification are desirable diagnostic methods due to the time required for the body's immune response. In the later stages, serological diagnosis may be preferable because of the low load of MP in the airway. Some scholars recommend the use of culture and nucleic acid amplification in the early stages and serological test in the later stages of the disease [28] [29] .
Brief summaries
Different diagnostic methods, including isolated culture, serological test, and molecular biochemical test, have their own limitations. At present, two or more diagnostic methods should be used together to improve the accuracy of diagnosis [29] . In the future, we will analyze the inconsistencies in the results of different diagnostic methods, make the necessary adjustments, and comprehensively consider the clinical, economic, and operable issues.
Exploration and development of a rapid, accurate, and economical diagnostic method that is suitable for clinical practice will certainly promote the further development of clinical diagnosis and treatment of MP infection.
In conclusion, other diagnostic methods that are suitable for clinical diagnosis must be explored, and the type of infection and stage of disease must be determined accurately based on clinical symptoms to develop a reasonable treatment plan and select the right drug for achieving the desired therapeutic effect.
